Wavelengths and transition probabilities have been computed for forbidden lines within the 3p k and 3d k ground configurations of tungsten ions from W 47+ to W 61+ . The fully relativistic multiconfiguration Dirac-Fock method was used for the calculations. They take into account the correlations within the n = 3 complex, some n = 3 → n = 4 single excitations and quantum electrodynamics effects. The present results are compared to and agree very well with experimental wavelengths and theoretical transition probabilities previously published for a few lines.
Introduction
It is well known that spectroscopic parameters of tungsten ions are essential for exploring the physical conditions in tokamak plasmas such as ITER in which tungsten is currently considered to be a primary candidate for the plasma-facing material in the divertor region (see e.g. Hawryluk et al 2009) . In this context, forbidden lines play an important role in plasma diagnostics because the corresponding radiation intensities are often very sensitive to electron temperature and density. Therefore, wavelengths and transition rates for such forbidden lines in various ionization stages of tungsten must be determined with high confidence from theoretical calculations or experimental measurements.
Up to now, about 120 forbidden lines in tungsten ions, from W 28+ to W 57+ , were observed experimentally in tokamak or electron-beam ion trap (EBIT) spectra in ultraviolet (Utter et al 2000 , Porto et al 2000 , vacuum ultraviolet (Radtke et al 2007) , extreme ultraviolet (Pütterich et al 2005 , Ralchenko et al 2007 , 2008 , 2011a ) and x-ray (Tragin et al 1988 , Neu et al 1997 , Ralchenko et al 2006 , Clementson et al 2010 ranges. More particularly, an EBIT source was recently used by Ralchenko et al (2011a) to measure extreme ultraviolet spectra between 10 and 25 nm from highly charged ions of tungsten with an open 3d shell. These authors found that almost all strong lines were due to the forbidden magnetic dipole (M1) transitions within the 3d k ground configurations. In this latter work, a total of 37 previously unknown spectral lines were identified using detailed collisional-radiative modelling of the EBIT spectra.
On the theoretical side, different investigations of forbidden transitions in tungsten ions were published so far. In the 1980s, extensive multiconfiguration Dirac-Fock (MCDF) calculations of radiative decays along Cl, S, P, Si and Al isoelectronic sequences were achieved. In these works, some forbidden lines in the 3p k configurations were listed for W 57+ (Huang et al 1983) , W 58+ (Saloman and Kim 1989) , W 59+ (Huang 1984) , W 60+ (Huang 1985) and W 61+ (Huang 1986 ). Feldman et al (1991 Feldman et al ( , 2001 ) and Doron and Feldman (2001) performed a systematic study of densitysensitive magnetic dipole lines in Ti-like ions including W 53+ . Relativistic quantum defect orbital (RQDO) calculations of transition rates for electric quadrupole and magnetic dipole lines for ions along the potassium and aluminium isoelectronic sequences, including W 55+ and W 61+ , were carried out by Charro et al (2002 Charro et al ( , 2003 , respectively. Atomic structure and radiative properties of forbidden transitions in Yb-like, Aglike, Zn-like, Ca-like, Al-like, Mg-like, B-like and Be-like Ding et al (2011) . Note that, in a recent paper, we also published relativistic Hartree-Fock calculations of forbidden transitions in neutral, singly ionized and doubly ionized tungsten (Quinet et al 2010) .
The aim of this work is to extend the set of spectroscopic data for forbidden lines in tungsten ions. More precisely, a fully relativistic Dirac-Fock method was used to compute wavelengths and transition probabilities for forbidden lines involving all energy levels within the ground configurations of highly charged 
Computational method
The energy levels, wavelengths and transition probabilities for the forbidden transitions within the 3p k (k = 1-5) and 3d k (k = 1-9) ground configurations of tungsten ions were obtained using the fully relativistic MCDF approach with the latest version of GRASP, the General-Purpose Relativistic Atomic Structure Package, developed by Norrington (2009) from the MCDF original code of Grant and co-workers and improved by Dyall et al (1989) . The computations were performed with the extended average level option, optimizing a weighted trace of the Hamiltonian using level weights proportional to 2J+1. The orthogonality of the wavefunctions was consistently included in the differential equations by using off-diagonal Lagrange multipliers. For the 3p k configurations (ions W 57+ through W 61+ ), all single and double excitations within the n = 3 complex together with the single excitations from 
Results and discussion

Energy levels
The energy level values obtained using the MCDF method described above for the 3p k and 3d k ground configurations of tungsten ions from W 47+ to W 61+ are presented in table 1. The leading compositions of the computed eigenvectors in the jjcoupling scheme are also given in that table. In the notations adopted, nl − corresponds to the case j − = l-1/2, while nl is written for j + = l+1/2. As expected for such highly ionized atoms, it was verified that this coupling appears much more adequate than the LS one. Indeed, the average jj purities obtained in this work were found to be equal to 99% and 88%, for 3p k and 3d k configurations, respectively, while the corresponding average LS contributions were found to range from 77% to 52%. Consequently, the jj designation has been used throughout this paper. For simplicity, in table 1 each energy level belonging to a particular ion is labelled as nl k [i] J where nl k is the electronic configuration, i is an order number in this configuration and J is the total angular momentum.
Ab initio theoretical energies computed in this work are also compared in table 1 with available values taken from the latest NIST compilation (Ralchenko et al 2011b) . For 3p k and 3d k ground configurations of tungsten ions, the energy levels reported in this compilation were taken from the recent paper due to Kramida (2011) who significantly updated and extended the spectroscopic data of highly ionized tungsten previously published by Kramida and Shirai (2009) . In particular, the observations of Ralchenko et al (2011a) were used to deduce new experimental energy levels in 3d k ground configurations of tungsten ions. When comparing our MCDF results with these experimental values, a very good agreement is observed, the relative difference remaining below 0.5%. We also note an excellent agreement between our computed energies and those of Kramida (2011) obtained by theoretical calculation from the work of Ralchenko et al (2011a) or determined by interpolation or extrapolation of known experimental values. Some other energies, not reported in table 1 neither in the latest NIST compilation, were computed by Kramida and Shirai (2009) using Cowan's code (Cowan 1981) . Even if the general agreement between those values and our results is rather good, larger discrepancies (up to 15%) can be observed. However, it is expected that, for highly charged ions such as those considered here, the fully relativistic MCDF approach used in this work is more appropriate, and consequently more accurate, than the pseudo-relativistic Hartree-Fock approximation used by Kramida and Shirai (2009) .
Wavelengths and transition probabilities
The MCDF method described above was used for calculating wavelengths and transition probabilities for magnetic dipole (M1) and electric quadrupole (E2) radiations corresponding to the transitions between all energy levels within the 3p k and 3d k ground configurations of highly charged tungsten ions. Our results are listed in table 2. If the two types of radiation contribute significantly to the total intensity of a line, the sum of both A-values is given. The exclusion criterion of one particular type of radiation for a given transition is that the corresponding transition probability should be less than 1% of the sum of M1 and E2 contributions. Owing to the extensive nature of the results, only transitions for which A is greater than 10 6 s −1 are reported in the table if we except a few weaker lines observed experimentally. It is worth mentioning that, while M1 contributions were found to dominate by far E2 ones in the 3d k configurations, both types of radiation appear for forbidden lines within the 3p k configurations. Our calculated wavelengths are also compared with the available experimental values in table 2. These experimental values were obtained by Ralchenko et al (2008 Ralchenko et al ( , 2011a who observed a total of 40 M1 transitions in tungsten ions from W 47+ to W 55+ from extreme ultraviolet EBIT spectra between 10 and 25 nm. In most cases, the present results agree very well with the measured wavelengths, the mean ratio λ MCDF /λ exp being found equal to 1.001 ± 0.003, as illustrated in figure 1 showing this ratio as a function of λ MCDF . For these ions, Ralchenko et al (2011a) also reported transition probabilities computed using the relativistic FAC developed by Gu (2007) . As seen in table 2, their results are in excellent agreement with A-values calculated in this work. We also note that the RMBPT calculations published by Safronova and Safronova (2010) for W 54+ ion agree with our transition probabilities to within 2%, while the RQDO calculations of Charro et al (2002) give a transition probability for the 3d[1] 3/2 -3d[2] 5/2 transition in W 55+ a factor of about 2 smaller than the one obtained in our work. However, for this particular line, our Avalue is in excellent agreement with the recent calculation of Ralchenko et al (2011a) to Huang et al (1983) , Saloman and Kim (1989) and Huang (1984 Huang ( , 1985 Huang ( , 1986 are also reported in table 2. Although obtained by using slightly smaller multiconfiguration expansions, these latter results agree very well (within a few per cent) with transition probabilities computed in this work.
Conclusion
Using the fully relativistic multiconfiguration Dirac-Fock method, a new set of theoretical wavelengths and transition probabilities has been obtained for forbidden lines within the 3p k and 3d k ground configurations of highly charged tungsten ions from W 47+ to W 61+ . These lines appear in the x-ray spectral range from 3 to 4 nm and the extreme ultraviolet region from 11 to 23 nm for 3p k and 3d k ions, respectively. The new results reported in this work considerably increase the number of data available for forbidden lines in tungsten ions. They are expected to be useful for plasma diagnostics and modelling in fusion reactors.
